Post-endosymbiotic evolution of the proto-chloroplast was characterized by gene transfer to the nucleus. Hence, most chloroplast proteins are nuclear-encoded and the regulation of chloroplast functions includes nuclear transcriptional control. The expression profiles of 3292 nuclear Arabidopsis genes, most of them encoding chloroplast proteins, were determined from 101 different conditions and have been deposited at the GEO database (http://www.ncbi.nlm.nih.gov/geo/) under GSE1160-GSE1260. The 1590 most-regulated genes fell into 23 distinct groups of co-regulated genes (regulons). Genes of some regulons are not evenly distributed among the five Arabidopsis chromosomes and pairs of adjacent, co-expressed genes exist. Except regulons 1 and 2, regulons are heterogeneous and consist of genes coding for proteins with different subcellular locations or contributing to several biochemical functions. This implies that different organelles and/or metabolic pathways are co-ordinated at the nuclear transcriptional level, and a prototype for this is regulon 12 which contains genes with functions in amino acid and carbohydrate metabolism, as well as genes associated with transport or transcription. The co-expression of nuclear genes coding for subunits of the photosystems or encoding proteins involved in the transcription/translation of plastome genes (particularly ribosome polypeptides) (regulons 1 and 2, respectively) implies the existence of a novel mechanism that coordinates plastid and nuclear gene expression and involves nuclear control of plastid ribosome abundance. The co-regulation of genes for photosystem and plastid ribosome proteins escapes a previously described general control of nuclear chloroplast proteins imposed by a transcriptional master switch, highlighting a mode of transcriptional regulation of photosynthesis which is different compared to other chloroplast functions. From the evolutionary standpoint, the results provided indicate that functional integration of the proto-chloroplast into the eukaryotic cell was associated with the establishment of different layers of nuclear transcriptional control. D
Introduction
Most proteins in chloroplasts are encoded by nuclear genes (hereafter indicated as nuclear chloroplast genes) and translated as precursors on cytosolic ribosomes. While the regulation of plastid-encoded proteins includes transcriptional (Pfannschmidt et al., 1999) , posttranscriptional (Rochaix, 2001) , translational (Choquet and Wollman, 2002) and post-translational (Vothknecht and Westhoff, 2001 ) mechanisms, the plastid-to-nucleus signalling (Barkan and Goldschmidt-Clermont, 2000; Surpin et al., 2002) involves transcriptional regulation of nuclear chloroplast genes (Gray et al., 2003; Pfannschmidt et al., 2003; Richly et al., 2003a) . Nuclear transcriptional control of chloroplast functions concerns, among many others, plastid ribosomal proteins (Kurth et al., 2002) , subunits of the photosystems (Kurth et al., 2002; Zhong and Burns, 2003) , the Calvin cycle and amino acid biosynthesis (Kleffmann et al., 2004) . A DNA-array-based analysis of transcription of nuclear chloroplast genes, under 35 different conditions, highlighted the existence of a general regulatory mechanism, which acts in a binary mode by either inducing or repressing the same large set of nuclear chloroplast genes (Richly et al., 2003a) .
While the transcription-based analysis of altered genetic or environmental states of an organism is a useful and frequent outcome of the study of mRNA expression profiles, also the definition of clusters of co-expressed genes, known as regulons, is a primary research target. Proteins encoded by members of a regulon can have a coherent function, or even be physically associated, like the components of the ribosome, proteasome and nucleosome (Brown and Botstein, 1999) . In human, Drosophila, Caenorhabditis and budding yeast, co-regulated genes have been shown to cluster in the genome (Cohen et al., 2000; Caron et al., 2001; Roy et al., 2002; Spellman and Rubin, 2002) .
We report on the definition and characterization of regulons of nuclear chloroplast genes of A. thaliana based on their mRNA expression data, recorded under 101 different environmental or genetic conditions. Some coregulated nuclear chloroplast genes are organized as pairs of adjacent genes, and their products can, in cases, be associated with particular subcellular compartments or functions. More frequently, specific functions are distributed among regulons, supporting the existence of additional layers of gene regulation. Detailed analysis of functions associated with specific regulons shows that many photosynthetic and ribosome-protein-encoding genes are co-expressed, suggesting a nuclear transcriptional control of plastid ribosome abundance. This type of control should contribute to a co-ordinated expression of plastome-and nucleus-encoded proteins of the photosynthetic machinery.
Materials and methods

Plant material and growth conditions
Arabidopsis WT and mutant plants, propagated either under controlled greenhouse conditions or in sterile culture, were treated according to the procedures listed in the Supplementary Material 1. In general, total RNA was isolated from 4-week-old leaves, 2 h after the start of the day period, according to Kurth et al. (2002) .
Data generation and analysis
Generation and use of a 3292-GST nylon array, enriched for nuclear chloroplast genes, has been described (Richly et al., 2003a) . At least three experiments with cDNA probes from independent plant pools were carried out for each condition. cDNA synthesis was primed by a oligonucleotide mixture matching the 3292 genes in antisense orientation, and hybridized to the array as described (Kurth et al., 2002; Richly et al., 2003a) . Hybridization images were read by phosphorimager (Storm 860; Molecular Dynamics, Sunnyvale, CA, USA), imported into ArrayVision (version 6.0; Imaging Research, St. Catharines, Ontario, Canada), and statistically evaluated using ArrayStat (version 1.0 Rev. 2.0; Imaging Research) as described (Pesaresi et al., 2003; Richly et al., 2003a) . Data were normalized with reference to all spots on the array (Kurth et al., 2002) and average expression ratios derived from at least three independent experiments were analyzed by hierarchical clustering, k-means clustering or self-organizing-map clustering, using Genesis (version 1.5.0 b1) (Sturn et al., 2002) .
Functional classification and assignment of subcellular location
Grouping of genes, based on the previous classification of Pesaresi et al. (2003) which was complemented with classes derived from the KEGG (http://www.genome.jp/kegg/) and AraCyc (http://www.arabidopsis.org/tools/aracyc/) databases, resulted into 15 functional classes: (i) amino acid metabolism; (ii) carbohydrate metabolism; (iii) secondary metabolism; (iv) other metabolic functions; (v) photosynthesis (dark reaction); (vi) photosynthesis (light reaction); (vii) protein modification and fate; (viii) protein phosphorylation; (ix) sensing, signalling and cellular communication; (x) stress response; (xi) transport; (xii) transcription; (xiii) protein synthesis; (xiv) other functions; and (xv) unknown function. Assignment of subcellular location to the encoded proteins was based on experimental evidence (Kruft et al., 2001; Friso et al., 2004; Heazlewood et al., 2004; Kleffmann et al., 2004) or on stringent computational prediction of subcellular targeting (Richly et al., 2003b; Richly and Leister, 2004) . A list of all 1590 genes contained in the 23 regulons, as well as their assignment to functional classes and the subcellular location of the encoded proteins, is provided as Supplementary Material 2.
v 2 comparisons
To compare the actual distribution of chromosomal or subcellular locations of genes (or their products) in each of the 23 regulons with the ones of chance distributions, the significance of the differences between regulons and the control group (all 3292 genes present in the array) was determined using the v 2 test. The degree of freedom (df) for the analysis of the distribution among five chromosomes was 4; for the subcellular distribution (chloroplast, mitochondrion, or other) it was 2.
Comparison of random and actual genomic distributions of co-expressed genes
The distribution of co-expressed genes in the genome of A. thaliana was compared by a randomization test to a random expectation. This was conducted by creating simulated genomes in which the chromosomal locations of co-regulated genes were randomly re-assigned. In each simulated genome, the number of co-expressed genes for each regulon was the same as in the real genome. The distribution of co-expressed genes in the actual genome was compared with that of 10,000 simulated genomes.
Data deposition and supplementary information
Complete data sets for each of the 101 expression profiles were deposited at the GEO database (http:// www.ncbi.nlm.nih.gov/geo/) under accession numbers: GSE1160-GSE1260. Additional information, including a list of the 101 genetic and environmental conditions tested (Supplementary Material 1), and a list of all 1590 genes contained in the 23 regulons, as well as their assignment to functional classes and the subcellular location of the encoded proteins (Supplementary Material 2), is available at http://mpiz-koeln.mpg.de/~leister/101.html.
Results
Identification of regulons
The mRNA expression of 3292 nuclear genes, most of them coding for chloroplast proteins (Richly et al., 2003a) , was determined under a total of 101 different environmental or genetic conditions (see Supplementary Material 1). Conditions known to affect chloroplast metabolism included mutations affecting photosynthesis, or protein import into plastids, or plastid-to-nucleus signalling, as well as treatments with different light quantities and qualities or herbicides. In addition, WT transcripts present in cells of different organs or of consecutive developmental stages of WT plants, as well as changes induced by other conditions, such as alterations in atmospheric CO 2 concentration, application of redox-active substances, wounding, or biotic stresses, were studied.
A set of 1590 genes was differentially regulated in at least 95 of the 101 expression profiles (Fig. 1A) , and hierarchical clustering allowed their classification into between 21 and 27 groups of co-expressed genes, indicated as regulons. Basically the same set of regulons was also found by k-means or self-organizing-map clustering, and the relatedness of the mean expression profiles of those 23 regulons which were identified by self-organizing-map clustering is shown in Fig. 1B . Genes of each of these 23 regulons were then analyzed for the chromosomal distribution of their genetic loci, their potential to code for proteins targeted to particular subcellular locations, and their participation to specific biochemical functions.
Chromosomal location of regulons
For each regulon, the distribution of the genetic loci encoding the concerned genes on the five Arabidopsis chromosomes was compared with the distribution of all 3292 genes contained in the DNA array. Employing a v 2 test ( pb0.01), seven regulons were shown to include genes with a non-random distribution on chromosomes, compared to the 3292-gene-set ( Fig. 2A) .
A systematic, large-scale analysis of adjacent genes for their co-expression was complicated by the limited number of genes present on the 3292-gene-array. Nevertheless, 532 pairs and 62 triplets of adjacent genes were included in our array. Of those, 113 pairs and 6 triplets were also contained in the 1590-gene-set used for the definition of the 23 regulons. None of the triplets but eight pairs of adjacent genes were found in specific regulons. Five of the eight pairs of co-expressed genes consisted of highly homologous genes (At1g29910/29920; At2g34420/34430; At5g38420/ 38430; At2g02380/02390; At4g12490/12500) which most likely derived from tandem duplication and for which crosshybridization as a cause for the observed co-expression cannot be excluded. The other three pairs contained nonhomologous genes (At2g04530/04540; At2g34460/34470; At3g52140/52150), indicating that-similar to the case of budding yeast (Cohen et al., 2000) -co-expression of adjacent genes occurs in A. thaliana.
Although only eight pairs of adjacent, co-expressed genes existed in the 23 regulons, the actual fraction of such co-regulated gene pairs in the entire transcriptome of Arabidopsis might be much higher but remained undetected in our analysis due to the limited data set. To test whether larger clusters of co-expressed genes contributed to the non-random distribution between chromosomes shown in Fig. 2A , we compared the genomic organization of co-expressed genes for each regulon with a hypothetical chromosomal organization which would result from a completely random chromosomal distribution of co-regulated genes. As a matter of fact, the genomic distribution of co-expressed genes differed markedly from a random distribution (Fig. 2B) . In particular, co-location of coregulated genes was substantially less frequent in DNA regions spanning between 0 and 150 kbps compared to their random distribution situation. This indicates, that large, continuous clusters of co-regulated genes, such as in human (Caron et al., 2001) and Drosophila (Spellman and Rubin, 2002) , apparently do not exist in Arabidopsis; on the contrary, the observed actual distribution is compatible with the existence of a certain fraction of pairs of adjacent, co-expressed genes which would be under-represented in a 3292-gene-sample with respect to the entire genome.
Subcellular protein location associated to regulons
Protein subcellular location in chloroplast, mitochondria, or other compartments, was assigned to each gene of the 23 regulons. Assignment was based on experimental evidence (Kruft et al., 2001; Friso et al., 2004; Heazlewood et al., 2004; Kleffmann et al., 2004) or on stringent computational prediction of subcellular targeting (Richly et al., 2003b; Richly and Leister, 2004) . Because the location of only a minority of chloroplast and mitochondrial proteins has been reliably experimentally determined, and because the computational prediction applied was of high specificity but relatively low sensitivity (Richly et al., 2003b; Richly and Leister, 2004) , our classification underestimates the number of proteins located in chloroplasts or mitochondria (it follows that in Fig. 2C the number of proteins in the category bother locationQ is overestimated). Regulons exclusively containing genes that code only for one specific subcellular compartment were not observed, supporting the view that nuclear chloroplast genes are integrated into large regulatory networks (Richly et al., 2003a) . Four regulons, however, differed significantly (v 2 test, pb0.01), when the distribution of the total of 3292 genes present on the array was taken as control ( Fig. 2C) , suggesting that those regulons have a higher degree of specificity for particular organelles than for others. This concerns, in particular, regulon 1 which consists to N80% of genes that are predicted or known to code for chloroplast proteins. Fig. 1B , were analyzed. The actual distribution of co-expressed genes is displayed as relative frequency of distances between adjacent genes in 50-kbps intervals, ranging from a distance of between 0 and 50 kbps to a distance larger than 500 kbps. The actual distribution of co-regulated genes was compared with a random expectation by creating 10,000 simulated genomes in which the chromosomal locations of co-expressed genes were randomly re-assigned. In each simulated genome, the number of co-regulated genes in each regulon was the same as in the real genome. (C) Distribution of proteins encoded by genes of four specific regulons among different subcellular locations: cp, chloroplast; mt, mitochondria; o, other location. Conservative estimates were applied in the assignment of proteins to chloroplasts or mitochondria. The four regulons are shown for which v 2 test provides statistical evidence ( pb0.01) for a distribution different from the one for all genes represented by the 3292-GST array (last column).
equally represented in each functional class, like if the coordination of different biochemical functions is, at least in part, regulated at the transcriptional level. Exceptions were amino acid (functional class i) and carbohydrate (ii) metabolism, protein synthesis (xiii), and the dark (class v) and light (vi) reactions of photosynthesis. Amino acid and carbohydrate metabolism, as well as transport (xi) and transcription (xii), were over-represented in regulon 12 ( Fig. 3A; Table 1 ), suggesting a common co-ordination of genes belonging to the former two different pathways, in agreement with the finding that in plants nitrogen and carbon metabolism are, in part, interconnected (Foyer et al., 2003; Halford and Paul, 2003) .
Regulons 1 and 2 have a very similar expression profile (see Fig. 1 ), which is most distantly related to the average expression profile of the complete 1590-gene-set (indicated by the asterisk in Fig. 1B) . Regulon 2 is enriched for genes involved in chloroplast gene transcription and translation (xiii) (Fig. 3) , in particular for genes encoding chloroplast ribosome proteins, as well as for genes associated with photosynthesis. Regulon 1 is exceptional, because it contains to a great extent proteins of known function, around half of them associated with the light reaction of photosynthesis. To a lesser extent, also in regulon 2 genes for photosystem proteins are represented, and the contrary (plastid ribosomal genes in regulon 1) is evident, too. The co-regulation of genes for proteins of the plastid ribosome (mostly regulon 2) or of the photosystems (mostly regulon 1) can be interpreted as a mechanism to ensure that the subunits of those multi-protein complexes are synthesized in matching amounts. Co-variation of the expression of genes for photosynthetic proteins and of genes for the plastid ribosome (and to a lesser extent also of genes coding for proteins involved in the transcription of plastome genes) implies that nuclear transcriptional control of chloroplast ribosome abundance might be necessary to co-ordinate expression of plastome-and nucleus-encoded proteins of the photosynthetic machinery (see Discussion).
Five general types of nuclear transcriptome responses
The hierarchical clustering of the 1590 genes (Fig. 1A) , as well as their grouping into 23 regulons (Fig. 1B) , revealed the existence of five different types of nuclear transcriptome response. A group of about 28 treatments or genetic states induced a preferential up-regulation of almost all 1590 genes (class 1, bottom of Fig. 1B) . A second group of conditions (class 3) supported down-regulation of largely the same genes. These two classes reflect the existence of a master-switch of the nuclear chloroplast transcriptome (Richly et al., 2003a) . Only the regulons 1 and 2 escape the master switch by exhibiting markedly different directions of regulation. The response induced by the remaining conditions, which was previously described as class-2 response (Richly et al., 2003a) and which is characterized by about equal numbers of up-and down-regulated genes, can be assigned to three distinct classes (designated as 2a to 2c; Fig. 1B ). This classification, which is based on the analysis of a much larger set of conditions than before (Richly et al., 2003a) , is supported by the behaviour of groups of genes assigned to certain regulons. In Fig. 1B , class 2a is mainly defined by the up-regulation of regulons 5, 6, 17 and 18, whereas for class 2c strong down-regulation of regulons 11-15 is characteristic. In class 2b, regulons 17-23 are neither strongly up-, nor down-regulated, which is in contrast to classes 2a and 2c, where the concerned regulons are either up-or down-regulated, respectively.
Discussion
Control of transcript abundance is an effective strategy for regulating gene function. In eukaryotes, transcription rates are modulated by transcription factors, by remodelling of local chromatin structure through histone modification, as well as by transcriptional activation of euchromatic chromosomal regions. Finally, regulation of sets of adjacent genes has been demonstrated in a number of cases, including groups of co-expressed pairs or triplets of adjacent genes (Cohen et al., 2000) , or larger clusters of co-regulated genes (Caron et al., 2001; Roy et al., 2002; Spellman and Rubin, 2002) . From the evolutionary standpoint, the case of transcriptional control of gene expression presented in this paper has wide relevance for the understanding of how gene co-ordination has been achieved during the co-evolution of chloroplasts and their host cells. Nuclear chloroplast genes are, in fact, the final outcome of complex events, following the initial endosymbiosis of a cyanobacterial-like prokaryote by a eukaryotic cell. Available data indicate that several thousands of genes of the endosymbiont were gradually moved to the eukaryotic nucleus (reviewed in Timmis et al., 2004) . This transfer went beyond mere physical integration of cyanobacterial genes into the eukaryote genome, and it had to involve a regulatory integration in terms of gene coordination, as described in its final state in this paper.
The expression analysis of a 3292-gene-set of A. thaliana, particularly enriched for nuclear chloroplast genes, indicates that some co-regulated genes are unevenly distributed among chromosomes. One could speculate that chromosomal clustering of genes for proteins targeted to a specific subcellular compartment, as described for some nuclear genes encoding mitochondrial proteins (Elo et al., 2003) , might be responsible for the observed uneven distribution of co-expressed genes in Arabidopsis. This is not the case for the present data, because comparison of the actual and a randomized distribution of co-expressed genes along the five Arabidopsis chromosomes did not reveal a significant physical clustering to specific chromosomal regions (see Fig. 2B ). A second possibility concerns the genomic clustering of genes associated with specific pathways, which exists to a varying extent in some eukaryotes (Lee and Sonnhammer, 2003; Spellman and Rubin, 2002) . For regulons 1 and 2, however, which exhibit the strongest concentration of genes belonging to the same pathway, a distribution bias of the concerned genes across chromosomes (see Fig. 2A ) or towards specific chromosomal regions (data not shown) was not detected. This raises the question of how the uneven inter-chromosomal distribution of genes of some regulons has evolved. Our data indicate the existence of very small and tightly linked groups of coregulated genes, such as gene pairs, which might be unevenly distributed between chromosomes. It has been proposed, in fact, that acquisition of promoter sequences was the rate-limiting step for the successful integration of chloroplast genes into the nucleus (Martin and Herrmann, 1998) . If organization as adjacent pairs in the nucleus represents a major mode of transcriptional co-regulation in plants, spatial and transcriptional co-evolution of groups of nuclear chloroplast genes should have been severely limited by their need to integrate or translocate, after insertion, nearby suitable loci.
The 1590 most-regulated genes were assigned to 23 regulons, which only marginally exhibited an association with specific biochemical functions and/or subcellular location. Most regulons contained genes involved in different biochemical functions or with products present in different subcellular compartments. This indicates the existence of complex networks of transcriptional regulation, such that different pathways and functions are co-ordinated within and between different compartments. This highlights again the necessity that transferred genes acquired correct promoter sequences to support their proper integration into existing metabolic pathways. Many associations of regulons to specific functions or subcellular locations might have gone, however, undetected in our study due to incomplete A. thaliana gene annotation. The experimental and computational prediction of subcellular protein targeting is also still error-prone (Richly et al., 2003b; Richly and Leister, 2004) .
The positive side of our analysis, despite these limitations, is that a number of relationships between coexpression and metabolic function of gene products became evident. Prominent examples are the regulons 1, 2 and 12. Regulon 12 contains genes associated with transport, transcription, amino acid and carbohydrate metabolismsthis is in line with previous suggestions that the later two pathways are in plants, to a certain degree, co-ordinated (Foyer et al., 2003; Halford and Paul, 2003) . Regulon 1 is highly specific for genes encoding proteins of the photosynthetic apparatus, whereas a large fraction of genes in regulon 2 encodes proteins making up the chloroplast ribosome or are involved in other steps of chloroplast gene transcription/translation (see Fig. 3 ). In the future, this marked concentration of genes for proteins either involved in photosynthesis or in protein synthesis in the concerned regulons will enable an expression-profile-based approach for gene function discovery: any of the more than 40 genes with so far unknown function contained in these two regulons, in fact, is a bona fide candidate for a novel photosynthetic protein or a polypeptide with a function in chloroplast gene expression.
Regulons 1 and 2, as a matter of fact, show quite similar expression profiles, which are, on average, most distantly related to those of the other regulons. This establishes that nuclear genes for photosystem proteins or for proteins of the plastid ribosome have a distinct chloroplast-specific mode of transcriptional regulation, which involves only few proteins targeted to mitochondria or to other locations. Furthermore, co-regulation of genes encoding proteins of the photosynthetic machinery and of subunits of the plastid ribosome implies the existence of a mechanism that co-ordinates the expression of plastomeand nucleus-encoded proteins existing in the photosystems. It appears plausible that in such complexes, when nuclearencoded photosystem proteins increase, this has to be matched by a similar modification of the level of plastome-encoded proteins. Our data indicate that this is achieved as a nucleus-dependent increase in plastid ribosomal proteins-ultimately of the number of ribosomes-in support of an increase of the translational capacity of chloroplasts.
Our analysis confirms the existence of a transcriptional master switch, previously described to regulate the expression of largely overlapping sets of genes in opposite directions (Richly et al., 2003a) (class 1 and class 3 in Fig. 1B) . A mixed response to alterations in the environment or genetic state, all eliciting a more balanced transcriptional activity, can now be subdivided into the three subclasses 2a-2c (Fig. 1B) . This underlines that additional levels of gene expression regulation exist in the plant cell. Expression of nuclear photosystem and of chloroplast ribosome proteins escapes the general response supported by the master switch. Thus, a distinct type of nuclear transcriptional regulation should exist for these specific groups of genes, demonstrating that the functional integration of the cyanobacterial endosymbiont into the eukaryotic cell was associated with fundamental changes in its mode of regulation (Martin and Herrmann, 1998) , which included the establishment of different layers of nuclear transcriptional control.
